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Abstract 
The purpose of this study is to propose a numerical simulation method for estimating the effect of micro-structural characteristics 
of two-phase steel on ductile crack growth resistance (R-curve) of structural components. For this purpose, a hierarchical 
approach is proposed to correlate the micro-structural characteristics with the R-curve, which consists of a meso-scopic approach
and a macro-scopic approach. A meso-scopic approach correlates the micro-structural characteristics with the two types of 
ductile properties of steel that controls R-curve. Then, a macro-scopic approach predicts R-curve from the two types of ductile
properties obtained by the proposed meso-scopic approach. It is demonstrated that the proposed hierarchical approach can predict 
R-curve of a 3-point bend specimen with a crack from micro-structural characteristics of two-phase steel. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Two-phase steels with micro-structural strength mismatch have been developed to improve mechanical 
properties. It is also expected to improve fracture resistance of a structural component by controlling micro-
structural heterogeneity. However, a guideline for controlling heterogeneous micro-structure to improve structural 
performance with respect to ductile fracture have not been presented.  
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The authors have focused on a hierarchical approach to link the micro-structural characteristics of two-phase 
steels with ductile crack growth resistance of a structural component, which consists of macro-scopic approach and 
meso-scopic approach. Ohata and Fukahori et al. (2010) have proposed the numerical damage model to predict 
ductile crack growth resistance curve (R-curve) of a structural component from two types of ductile properties of 
steel. One is critical local strain that controls ductile crack initiation of shear-slip mode from crack/notch-tip, and 
the other is stress triaxiality dependent ductility that controls subsequent ductile crack growth with equi-axed dimple 
mode. On the other hand, we have also proposed meso-scopic simulation method to predict strength properties and 
ductile cracking limit of two-phase steel from the micro-structural morphology and mechanical properties of each 
constituent phase (Ohata et al., 2007; Ohata and Suzuki et al., 2010).   
Then, applicability of the meso-scopic simulation method for simulating ductile cracking behavior not only with 
shear-slip mode but also with equi-axed dimple mode was investigated for ferrite-pearlite two-phase steel. On the 
basis of this approach, a numerical simulation method for predicting two types of ductile properties that controls R-
curve was proposed. Then, from the mechanical properties obtained by the meso-scopic approach, R-curve of the 
two-phase steel was predicted using the macro-scopic continuous damage model, and its applicability was discussed. 
The hierarchical approach to correlate multi-scale characteristics, that are micro-structural characteristics, 
mechanical properties of a steel and ductile crack growth resistance of a structural component, was proposed as 
combination of meso-scopic and macro-scopic approach. 
2. Damage simulation of ductile cracking behavior for two-phase steel 
2.1. Ductile cracking behaviors of two-phase steel with heterogeneous micro-structure 
The 490 MPa strength class steel with ferrite-pearlite two-phase was used. Table 1 shows mechanical properties 
of the steel. The hardness of pearlite phase is about 1.4 times larger than that of ferrite phase. Volume fraction of 
pearlite phase is about 30 %, and average grain size is about 25 μm. 
The ductile cracking tests were conducted using micro tensile specimens with both side notches as shown in 
Fig. 1. Fig. 2 shows stress-strain curves obtained by the tensile tests. The ductile cracks generated from not only 
notch root surface but also middle of the specimen as shown in Fig. 3. In both cases, the ductile damage seems to be  
Table 1. Mechanical properties of two-phase steel used. 
σY
(MPa) 
σT
(MPa) 
YR
(%) 
εT
(%) 
El.
(%) 
HV  
Ferrite Pearlite 
344 540 64 17.6 31 198 276 
σY: Lower yield stress, σT: Tensile strength,  
YR: Yield to tensile ratio = σY/σT, εT: Uniform elongation,  
El.: Elongation (G.L. = 36mm, Dia. = 6mm),  
HV: Average Vickers hardness (Load: 25gf) Fig. 1. Configuration of notched micro tensile specimen with both side 
notches.
Fig. 2. Stress-strain curves for notched micro tensile specimen obtained 
by experiments. 
Fig. 3. Ductile damage evolution in notched micro tensile specimen. 
(a) Level 1. (b) Level 2. 
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localized in ferrite phase at ferrite/pearlite boundary due to stress/strain concentration associated with micro-
structural strength mismatch. No large voids were found even after large amount of straining at loading level 1. 
2.2. Damage simulation of ductile cracking behavior associated with heterogeneous micro-structure 
The meso-scopic simulation method to predict ductile cracking behavior/limit for two-phase steel is shown in Fig. 
4. The approach consists of “3D micro-structural model” and “ductile damage model”. Micro-structural morphology 
and two kinds of mechanical properties of each phase are needed for the approach. One of the mechanical properties 
is stress-strain curve as the strength property, and the other is stress triaxiality dependent ductility as the damage 
property. The details of the simulation method are described in the literature (Ohata and Suzuki et al., 2010). 
The numerical damage model for simulating damage evolution coupled with flow stress was proposed (Ohata and 
Fukahori et al., 2010). The yield function, that is plastic potential, as a function of the damage fraction D* is 
expressed in Eq. (1), 
Φ = Σ
σ
§
©¨
·
¹¸
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σ
§
©¨
·
¹¸
−1 = 0  (1)
where Σ  and Σm are macroscopic equivalent stress and hydrostatic stress of the unit cell, respectively, and σ  is 
flow stress of a matrix material. This yield function, which is based on a void growth model proposed by Gurson 
(1977) and Tvergaard et al. (1984), was derived so that the relation between the critical strain (Ep )i  for micro-
voids/micro-cracks formation and the stress triaxiality can be in accordance with a function as expressed in Eq. (2) 
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where D0 and Dc are initial damage fraction and critical damage fraction for micro-void formation, respectively. 
Therefore, the material parameters a1 and a2 can be identified only from the stress triaxiality dependent ductility of 
material. The (Ep )i  is generally set to be 80% of ductile cracking strain (εp )cr  for the material which exhibits 
micro-voids nucleation controlled ductile failure behavior. 
A simulation model of the micro tensile specimen is shown in Fig. 5. 3D micro-structural model is applied only 
around notch root. The average grain size is about 25 μm and volume fraction of pearlite phase is about 30 %. In this 
study, the mechanical properties of each phase were determined under some assumptions. As for the stress-strain 
curves of each phase, they were estimated on the basis of a rule of mixture as shown in Fig. 6(a). The damage 
parameters for each phase were estimated based on the stress triaxiality dependent ductility for the two-phase steel 
Fig. 4. Conceptual illustration of meso-scopic simulation method. Fig. 5. Meso-scale 3D FE-model of micro-tensile specimen with both 
side notches. 
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Fig. 6. Mechanical properties of constituent phases of the two-phase steel needed for damage simulation. (a) Equivalent stress - equivalent plastic 
strain. (b) Stress triaxiality dependent ductility.
Fig. 7. Stress-strain curves obtained by experiments and simulation for 
micro tensile specimen. 
Fig. 8. Comparison between simulated and observed ductile damage 
evolution for micro tensile specimen. 
as shown in Fig. 6(b) (Ohata et al., 2004). The damage parameters for pearlite phase were assumed to be the same 
properties as those for the two-phase steel, because no significant effect of those parameters on simulated result was 
found in this case. The parameters for ferrite phase were identified by reverse analysis so that the stress triaxiality 
dependent ductility for the two-phase steel might be reproduced by simulation using a 3D micro-structural model 
(Fig. 9(b)). 
Fig. 7 shows stress-strain curves obtained by experiments and simulation. The simulation reproduces critical 
strain where load drop due to ductile cracking occurred. Ductile damage evolution behaviors from notch root surface 
and middle of the specimen obtained by the simulation are well consistent with experimental results, and damage 
localization in ferrite phase near ferrite/pearlite boundary is well simulated as shown in Fig. 8. 
3. Simulation methods for correlating micro-structural characteristics with mechanical properties of steel 
(Meso-scopic approach) 
Simulation methods for estimating the two kinds of ductile properties of two-phase steel are proposed based on 
the meso-scopic approach as given in Fig. 9; (a) is 3-point bend specimen with a notch for critical local strain and 
(b) is RVE (representative volume element) under constant stress triaxiality for stress triaxiality dependent ductility.
Results of simulated damage evolution are presented in Fig. 10. Critical global deformation for ductile cracking 
from notch root surface, which is defined as Vgcr where ductile crack growth Δa reaches 50 μm, can be obtained 
from the 3-point bending simulation (Fig. 10(a)). Then, in contrast to the FE-analysis results for homogeneous model 
of the 3-point bend specimen, critical local strain (εp
tip )cr  can be estimated. Fig. 10(b) shows evolution of 
macroscopic damage fraction DRVE as a function of macroscopic equivalent plastic strain (Ep )
RVE . The stress 
triaxiality dependent ductility that is defined as (Ep )i  where D
RVE reaches 0.001 (= Dc) can be estimated. 
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